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IMPROVED POINT KERNELS FOR ELECTRON AND BETA-RAY DOSIMETRY

Martin J. Berger
National Bureau of Standards

Washington, D.C. 20234

A calculation has been made of the spatial distribution of absorbed
dose in a water medium around monoenergetic point-isotropic electron
sources. The calculation takes into account angular deflections and
energy-loss straggling due to multiple Coulomb scattering by atoms and
orbital electrons; it also includes the transport of energy by secondary
bremsstrahlung . The results are presented in the form of scaled point
kernels for 36 source energies between 10 MeV and 0.5 keV. The scaling
is done by expressing all distances in units of the electron mean range,
and makes possible easy interpolation to any source energy in the interval
covered. In order to illustrate the use of the point kernels, applications
are made to two problems arising in beta-ray dosimetry. The first problem
pertains to the self-absorption of energy in spherical source regions.
The other problem concerns the absorbe d- dose distribution as a function of
the distance from a semi-infinite uniform source region.





1. INTRODUCTION

This is a preliminary report dealing with the calculation of electron point

kernels in water. These kernels are functions which represent the distribution

of absorbed dose around point-isotropic sources of electrons. The purpose of the

report is to provide interim documentation for other papers on electron and beta-

ray dosimetry which make use of these point kernels. Work on a detailed descrip-

tion of the calculation is in progress.

An extensive and systematic set of data on the distribution of absorbed dose

around point-isotropic electron sources is contained in the tabulation of

Spencer,—'^ whose results for a carbon medium have been used, with a slight scaling

adjustment, to produce point kernels for a water medium, both for monoenerge tic

21
sources and for a large number of radionuclide beta-ray sources.—

Spencer's calculations used the continuous- slowing-down approximation, i.e.

a schematization in which the rate of energy loss at each point along an electron

trajectory is assumed to be equal to the mean energy loss given by the Bethe

stopping power formula. Energy-loss straggling is disregarded in this approxi-

mation, which has the result that the amount of absorbed dose is slightly over-

estimated near the source and underestimated far from the source.

The calculations reported here are an improvement in the following respects:

(1) Energy-loss straggling is taken into account, bnth for energy losses

suffered in collisions with atomic electrons and for bremss trahlung losses.

(2) The effect of energy transport by secondary brems s trahlung on the noint

kernel functions is included.

(3) The calculations are extended to a low-energy region not previously

covered (25 keV to 0.5 keV)

.

2. SCALED POINT KERNEL

The distribution of absorbed dose in an unbounded medium, around a point-

isotropic source emitting electrons of energy E , can be expressed in terms of
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the specific absorbed fraction $(r,E^). This quantity is defined to be the

fraction of the emitted energy that is absorbed per unit mass of the medium at

a distance r from the point source. In order to minimize the dependence on

and thus to facilitate interpolation, it is convenient to express the specific

absorbed fraction in terms of a scaled point kernel F(r/r ,E ) defined by the
o o

equation

2
F(r/r ,E )d(r/r ) = 4Trp$(r,E )r dr,

o O O O \ I

)

*/
where r is the c„s,d„a^— range at energy E^ and p is the density of the

medium. The scaling is accomplished by expressing distances in units of r^.

Table 1 gives the scaled point kernel F(r/r^,E^) for a water medium, for

36 values of the source energy E^ between 10 MeV and 0.5 keV. The results for

3 4/
E > 20 keV were obtained by a variant

—

— of the Monte Carlo method which
o

combined random sampling with the use of the Be the stopping power theory as

formulated by Rohrlich and Carlson,—'^ the Landau—'^ energy-loss straggling distri-

bution with the Blunck-Le isegang^''' binding correction, and the Goudsmit-

g /

Saunderson— multiple-scattering angular distribution evaluated with use of the

9/ 10 11/Mott— elastic scattering cross section and the Moliere ' screening cor-

12/
rection. For E <^ 20 keV another Monte Carlo model— was used in which all

o

elastic collisions with atoms and hard inelastic collisions with atomic electrons

were followed by random sampling. The numerous soft inelastic collisions (giving

rise to atomic excitation or to the production of knock-on electrons with energies

smaller than 200 eV) were treated in the continuous-slowing-down approximation,

with the use of a "restricted" stopping power. The stopping power values at

energies below 10 keV were taken from a semi-empirical formula of Gree n"^"^

'

^ and

collaborators which gives results that are in reasonable agreement with experimental

* Continuous-slowing-down approximation
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values of Cole
^^^ ^

Table 2 gives, for all 36 source energies, the values of the c.s.d.a. range

r and the values of the 90-percent ile distance x . The 90-Dercentile distance
o yO

is defined to be the radius of the sphere around a point source within which 90%

of the emitted energy is absorbed. Table 3 compares, for source energies of 1 MeV

and 0„1 MeV, the new scaled point kernel (with straggling effects) and the old

scaled point kernel (without straggling effects). Table 4 compares the 90-per-

centile distances obtained with and without inclusion of straggling effects.

3. ABSORPTION OF ENERGY IN A SPHERICAL SOURCE REGION

It may happen, either as the result of deliberate tagging procedures-—^—^'^

in radiobiological experiments, or as the result of accidental ingestion of

radioactive material, that radionuclides get incorporated into the genetic

material of the cell, particularly the cell nucleus. It is then of interest to

know what fraction of the emitted beta-ray and electron energy is absorbed within

the cell nucleus, and what fraction is absorbed in the surrounding - and presumably

less sensitive - material. This question can be answered with use of the point

kernel tabulated In Table 1.

Sample calculations of this problem have been done for the case that the

cell nucleus can be represented as a spherical source region with a diameter of

a few microns. The fraction A(d,E^) of the emitted energy absorbed in a sphere

of diameter d can be obtained as an integral over the point kernel. It can be

shown that

d

A(d,E ) = - ,Tl - 1.5 (r/d) + 0.5 (r/d)"^] F(r/r ,E )dr.
o r i L ' o o

o o
(2)

The fraction A(d,E^) is tabulated in Table 5 for source energies between 10 MeV

and 0.5 keV and for sphere diameters between 2 and 14 |j,m. If the source is
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characterized by a spectruin S(E^) (continuous for beta-rays, discrete for con-

version and Auger electrons) , then the average fraction of the energy absorbed

in the source region is

av o

S(E ) E A(d,E )dE
o O O O (J)

where

E^ = S(E )E dE .av J ^ o o (4)
o

is the average energy of the emitted particles.

The average absorbed fraction A (d) has recently been calculated by
av

19 /
Ertl— for the radionuclides tritium and iodine-125. He assumed straight-line

motion of the electrons away from the point-isotropic source, and an effective

rate of energy deposition per unit pathlength in accordance with an experimental

range-energy relation. The relation used was one determined by Cole—''' in a

study of the penetration of low-energy electrons through collodion foils.

In the present work, the beta spectra and discrete electron spectra were

20/ 21/
taken from the work of Martin and Bl icher t-Tof t— and Gove and Martin,— except

19 /for iodine-125, whose discrete electron spectrum was taken from Ertl.— The

values of A (d) thus obtained are given in Table 6 for a few radionuclides. In
av

particular, a comparison is made with Ertl's results. It can be seen that agree-

ment is close in the case of tritium, but not so good in the case of iodine-125.

4. REDUCTION FACTOR FOR A HALF- SPACE SOURCE

Another application of the tabulated point kernel has been made in order to

determine the depth-dose distribution in a (tissue-equivalent) water target

22 /exposed to electron and beta radiation from a surrounding radioactive cloud.

—
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Such a cloud can arise as the result of the injection of reactor effluents into

the atmosphere, or as the result of a nuclear accident.

As shown in Ref. 22, the solution of this problem can be accomplished in

two steps: (a) First it is assumed that a radioactive source is distributed

uniformly through one half-space of a water medium, and one calculates the

depth-dose distribution in the other half space. (b) One then takes into account

that the radioactive source is distributed in air rather than water, and makes

the appropriatie corrections to account for the differences of the scattering

properties of the two media.

Step (a) involves the calculation of a half-space reduction factor for mono-

energetic sources. Let R be the absorbed-dose rate that would prevail everywhere
o

in an unbounded homogeneous medium if a uniform isotropic source emitting

electrons of energy were distributed throughout the entire medium. Let R(z,E^)

be the corresponding absorbed-dose rate at a deo th z>0 that would prevail if the

source were confined to the half-space z<0. The reduction factor
,

i.e. the

ratio G = ^^/R^, can be expressed as follows in terms of the scaled point-kernel:

G(^/^o'^o> -\\ ^1 - C^/O/t] FCt,E^)dt.

z/r
o

Values of the reduction factor for a water medium are given in the attached

Table 7.

5



References

1. L. V. Spencer, Energy Dissipation by Fast Electrons, N.B.S„ Monograph 1

(1959).

2. M. J. Berger, MIRD Pamphlet No. 7, Suppl, No. 5, J, Nucl . Medicine 12_, 5

(1971).

3. M. J, Berger, Monte Carlo Calculation of the Penetration and Diffusion of

Fast Charged Particles, pp. l35 - 215, Methods in Computational Physics,

Vol. 1, Academic Press, New York (1963).

4. M. J. Berger and S. M. Seltzer, Ann. N.Y. Acad. Sciences 161
, 8 (1969).

5. F. Rohrlich and B„ C. Carlson, Phys . Rev. 93, 38 (1954).

6. L. Landau, J. Phys. USSR, 8, 201 (1944).

7. 0. Blunck and S. Leisegang, Z. Physik 130, 500 (1950).

8. S. Goudsmit and J. L. Saunderson, Phys. Rev. _57_, 24 (1940).

9. N. F. Mott, Proc. Roy, Soc. A124, 475 (1929).

10. G. Moliere, Z„ Naturforsch. 2a, l33 (1947).

11. G. Moliere, Z. Naturforsch. 3a, 78 (1948).

12. M. J. Berger, pp. 157-174, Proc. Third Symposium on Microdos imetry , Oct. 18-

22, 1971, Euratom Document EUR 4810 d-f-e (1972).

13. A. E. S. Green and L. R, Peterson, J. Geophys . Res, (Space Phys.), 73^, 233

(1968).

14. L. R. Peterson and A. E. S. Green, J. Phys. B., 1, 1131 (1968).

15. A. Cole, Radiat. Research 28, 7 (1969).

16. International Commission on Radiation Units and Measurements (ICRU), Report

16, Linear Energy Transfer, Washington, D,C„ (1970).

17. L. E. Feinendegen, Tritium-labeled Molecules in Biology and Medicine,

Academic Press, New York (1967).

18. H. Ho Ertl, Li E„ Feinendegen and H. J. Heiniger, Phys. Med. Biol. 1_5, 447

(1970).

6



19. Ho Ho ErtL, Dosimetrie von inkorporiertem Tritium und Jod-125,

Kernforschungsanlage Julich, Report Jul-688-ME (1970)

„

20. M. Jo Martin and P. Ho Blicher t-Tof t , Nuclear Data 8, 1 (1970).

21. No B. Gove and M, J. Martin, Nuclear Data 1^, 205 (1971).

22. Mo Jo Berger, to appear in Health Physics.

7



...



/

E
O '

MeV

r/ro . n u 1.1 b . UUUb . u u n b . I) U 1 U .0015 . 0 , J 2 ^

. UU . / 1 i . o 7 -5 *bid . bU7 . 5 7 1
i .5o^

. Ub . . /'bb . 744 . 711 • b 7 4

. lu . 9UU . HbO . b2() . 770 . 74'!

. In i . Ur)f. 1 . Ulb .9b 4 .924 . Hb9 . b 3 b

,'d\J i . IMn 1.141) 1-. U74 1 . f)2b .^b3 .926
.^b i . sJbO i . ^tj4 1 . 1 <-:h) 1.142 1 . 0b7 1 . 0 2''

• ou i . 44c 1 . i99 1 .2b9 1.181 1 . 1^ "

. ^b L . r-) U _^ 1 .b^l 1 . 4bB 1 . 383 1 . 30 2 1 . ?5^

. 4U i . o6-j 1 .bU4 1 ,bdn 1 . 475 1 . 4 U 0 1 .35^-

.4b i . /'i:::^ 1 .bb^ 1 .bbb 1 .b39 1.474 1 .4 3b

. btJ i . /U^) 1 . 644 1 . b"b 1 .b53 1.520 1 .493

. bb i . b^b 1 .b9? 1 . bbb 1 . b43 1 .520 1.50^
« dU i . 4 o r-i I .46i 1 .474 1 .479 1 . 4 52 1 . 4bb
• Db i . 1 . 'dbd 1 . 3^4 1 .353 1 . 39b ] .41b
. /u . d / / . 99b 1 . lr?b 1 . 1 92 1 .254 1 .277
. /b . bJ!b . /bb . bbb . 9b2 1 .029 1 . Ob?
. HU . d! b '4 .44b . bOb . 885 .77o . 53^
. bb . U^JU .1/7 .bi;£ .403 . 50 9 . 59^

• U 1 . U4o .114 . Ib4 .309 .377
.yb . U U o . UUU . u n 0 . f)5U . 1 oO .210

1 . uu . U U L < .UUU .UUU .(102 . 0 5 "1 . O'^O

I . Ub . UUU . 0 0 U . n tj 0 . U 0 C . OuO .020
t . 1 1 i • U U . U u t' nil f1 linn. 1 J u u n n Ti n .1 fi

i . ib . UUU .UUU . nun .00 0 . OUO . 0 0 0

i . (dU . u u u . U U u • u f) 0 .000 .000 . 0 0^

r/r„ . uu^u . I)U4U . U !.i •• l~i . (lObU . f 1 n b 0 . n I fi n

. UU . b^j) .bcH . blH .514 . 511 . 50^

. ub * b d 'j) .31^ .bis . 59H . 590 . 5b «

. iU . no . b99 m n <b . 879 . 6o9 .bb^-

. i'J . /^o . 7 7b . /cc^ . 755 . 743 .73-^

. ciU . bb 'i . b'. 7 . B37 . bl7 . b0 3

. cdb . 9bc.^ . 94? .9:59 . 92 8 . ^Ob . b 9 U

. J)U i . U^i i . Uub 1 . I ' 4 3 1 . 0 3 U 1 . 0 L) b . 90

n

.^b I . ^ u b I . lo9 1 . 1 b4 1.129 1.10 3 1 . 0:V.

. 4U i . ^Ub 1 . d 7 ] L . 2 b !J 1 . 229 1.^07 1 . 1<1^

.4b 1 . ^9b 1 . :i 74 1 . 3b4 1 . 34 3 1.319 1 . 3 0'-'

» D'J i . 4oL, I . 44b 1.4,:. 3 1 .422 1.41 0 1 . 3 ^^
. bb i . 4^^^: 1 . 4a2 1 . M 7 7 1.47b 1 .474 1.47:-'

. bU i . 4 t-i o 1 . 4 b 's 1 .M ^ 9 1 .492 1 . 4 9>N 1 . 504

. b-i i . 4^:!^ 1 . 4^? 1 . 4 .5 7 1.44b 1 . 4o2 1 . 4 7b

. /U i . bU i 1 . it^ii I . 3 3b 1 . 351 1 . 37b 1 . 39"^

. /b i. Id::, 1 . Ibl 1 . 1 -.4 1.20 3 I .229 1.241

. :ju . ^Uu . 9br' . 9 1 . 0 0 0 1.02 b 1 . u 4

• b b ' bbci . 70 9 . 7:/3 . 757 . 7 b 3 .80^
!

. 1^ / .472 . M"4 .512 . 534 .54 p.

.Mb . ^bl . i?bb .1' ''b .30 5 . 321 .32'^

1 . UvJ . l<:'u . 1 i9 . 1 . Ibl .173 .173
L . U •) . . J 4 H . Ubb . Ub?. .Ubb . Obb . 0 7 0

i . i U . U U J . Li 1 b . u.?u . f)2 2 . 0 2 4 .024
1 . ib .UUU . U tj U . UUU . (iO[; . 11 0 0 . uO^
1 . iiU . UUu . U U i 1 . 0 u 0 . 0 0 0 . 0 0 0 . 0 0 0

Table 1. Scaled point kernel F(r/r ,E ) in water.
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. 7 3969 4.420-06
• 7bbH3 8.358- 0 6

. 7 B 2 b li 1 . 338-05

. 79916 ?. . 620-05

. B 0 H 4 9 4 . 259-05

.8122b 6.215-Ob

. 81 bBl 8.160-0 5

. 8203b 1 . 386-04

.82328 2 .043-04

. 82b6B 4 . 1 b3-04

. 82482 6.907-04

.82016 1 . 4 07-03

.81626 2 . 327-03

. 81326 3 . 434-0 3

.81152 4,712-03

.80859 7.732-0 3

.81)760 1.131-02

.80416 2 . 219-0 2

. 80266 3. 532-02

.80049 6.614-02

.30011 1.011-01

. 30009 1 .388-01

. 8 Ll 0 4 3 1 . 783-01

.80 15b 2 .603-01

. 8034

1

3 . 4 b 2 - 0 1

.80731 5.616-01

.81334 7 .819-0

1

.82839 1 . 2 3 1) + 0 0

.84244 1 .68^+00

. 85551 2. 13 8 + 00

. 86458 2 . 5 M h f n f 1

.88849 3 . 5 1 (3 0 0

.91118 4 .447 + 0 0

Table 2. Electron c.s.d.a. range and 90-percentile distance in water.



F(r/r^, E^)

E =
o

1 MeV E =
n

0.1 MeV

r/r
o

c. s, d. a.

app rox

.

with
stragg.

c. s. d- a .

approx.
wi th

scragg.

0.00 0.807 0,736 0, 588 0,572

0,05 0.814 0.774 0,605 0.612

oao 0.831 0,807 0.639 0.648

0.15 0.859 0.835 0,688 0.692

0.20 0.896 0.867 0.753 0.744

0.25 0.943 0.905 0.833 0,808

0.30 1.001 0.949 0.928 0,899

0.35 1.071 1 .003 1 .040 1 .003

0.40 1 .152 1 .083 1 . 166 1 .131

0.45 1 .247 1 .196 1 .305 1 . 296

0.50 1.353 1 .338 1 .456 1 ,432

0.55 1 .468 1 .435 1.610 1 . 561

0.60 1.573 1 . 501 1 .755 1 ,645

0.65 1 .636 1 . 529 1 .856 1 . 649

0.70 1.615 1 .475 1 ,833 1 , 557

0.75 1.450 1 .334 1.569 1 ,348

0.80 1.081 1 .067 1 . 049 1 ,073

0 85 \j . J cry C\ A Q/i U . / -)2

0.90 0.078 0.431 0,128 0,461

0.95 0.000 0.191 0,009 0,237

1.00 0.058 0.000 0.100

1 .10 0.001 0,009

Table 3. Comparison of point kernels for water calculated with inclusion of

energy-loss straggling, or in continuous-slowing-down approximation.



E
0

(stragg)/xgQ (c. s.d.a.

)

(MeV)

5 1 .077

J 1.067

2 1 .057

1 1 .055

0.5 1.055

0.3 1.056

0.2 1.058

0.1 1 .064

0.05 1.074

0.025 1.090

Table 4. Comparison of 90-percent ile distances in water computed with

inclusion of energy-loss straggling, or in continuous-

slowing-down approximation.
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d E =5.68 keV E =49.3 keV E =48.8 keV E =3.34 keV
av av av av

(|j,m) Ertl This work This work This work Ertl This work

2 50.6 45.7 1.7 1.9 45.3 44.8

4 68,3 65,5 3„4 3.6 56.1 49 .7

6 76.0 75.6 4.9 5.1 63.1 53.0

8 81 .6 81 .4 6.4 6.6 68 3 56.3

10 84.9 85.0 7.8 8.1 71.5 59.5

12 87.5 87 .4 9.2 9.4 74.6 62.7

14 89.2 89.2 10.6 10.7 77.] 65.6

Table 6. Percentage of the emitted source energy, 100 A (d), that is absorbed

in a spherical source region of diameter d.
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